Radiation induces an important inflammatory response in the irradiated organs, characterized by leukocyte infiltration and vascular changes. Since adhesion molecules play an important role in facilitating the immune response at the inflammation sites, interfering with the expression of these molecules may be an important therapeutic target of radiation induced inflammation. Many adhesion molecules such as intercellular cell adhesion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) have been identified in radiation. Ferulic acid (FA), an effective radioprotector during radiotherapy, is widely used in endothelium protection. The present study examined the effect of FA on the induction of adhesion molecules by gamma-radiation and the mechanisms of its effect in gamma-irradiated human umbilical vein endothelial cells (HUVECs). HUVECs were pretreated for 18 h with FA and then exposed to 10 Gy radiation. The result of cell adhesion assay showed FA inhibited radiation-induced U937 adhesion to HUVECs. FA prevented induction of ICAM-1 and VCAM-1 expression in a concentration-dependent manner after stimulation with radiation at the level of mRNA and protein. Inhibitors of the extracellular signal regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) pathways were used to determine which pathway was involved in FA action; the result showed that the inhibitory effect of FA on adhesion molecule expression was mediated by the blockade of JNK. FA appears to be a potential therapeutic agent for treating various inflammatory disorders including radiation induced inflammation.
Radiation induces an important inflammatory response in irradiated organs, characterized by leukocyte infiltration and vascular changes. 1) Adhesion molecules on the endothelial and non-vascular cells mediate the cell to cell interaction and play an important role in facilitating the immune response at the inflammation sites.
2) Many adhesion molecules such as intercellular cell adhesion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) have been identified in gamma-irradiated human umbilical vein endothelial cells (HUVECs).
3) The blocking of these adhesion molecules by specific antibodies has been proposed as an approach to prevent or decrease the toxicity of radiation. 4) The survival rate increased in gene knockout mice lacking ICAM-1 or VCAM-1. 5) Remarkable progress has been made in recent years in designing new drugs targeting radiation-up-regulated adhesion molecules. 6) Furthermore, the inhibition of adhesion molecules may represent a new therapeutic approach to decrease radiation toxicity.
Ferulic acid (FA), a phenolic phytochemical found in many traditional Chinese medicines such as Angelica Radix and Chuanxiong Rhizoma, is a strong membrane antioxidant and known to positively affect human health. 7) It effectively scavenges superoxide anion radical and inhibits the lipid peroxidation because of its strong antioxidant activity. 8) FA, an effective radioprotector during radiotherapy, stimulates hematopoiesis, immunity and DNA repair in irradiated mice. 9) It is widely used in preventing cardiovascular disease, and restores endothelial function by enhancing the bioavailability of basal and stimulated nitric oxide (NO) in spontaneously hypertensive rat aortas. 10) Further, it inhibits endothelial cell proliferation through the NO down-regulating extracellular signal regulated kinase 1/2 (ERK1/2) pathway, 11) and inhibits vascular smooth muscle cell proliferation by inactivation of mitogen-activated protein kinases (MAPKs) and modulation of cell cycle proteins. 12) Although radiation protection and vascular function of FA have received considerable attention, little is known about the effects of FA on adhesion molecules, and a better understanding of the mechanisms of its action in terms of cell adhesion molecule expression may provide important insights into the prevention of radiation toxicity.
The possible reduction by FA of adhesion molecule expression could play a key role in the prevention or treatment of inflammatory response in irradiated organ disorders. We therefore tested the ability of this substance to modulate the expression of adhesion molecules in irradiated HUVECs. Our study demonstrated that FA attenuated the expression of VCAM-1 and ICAM-1 in a dose-dependent manner, and that this effect was mediated by partial blockage of the c-Jun Nterminal kinase (JNK) pathway.
MATERIALS AND METHODS
Reagents and Materials FA (purity Ͼ99%) was purchased from the Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). SP600125 (a JNK inhibitor), PD98059 (an ERK inhibitor), and SB203580 (a p38 inhibitor) were purchased from Calbiochem (La Jolla, CA, U.S.A.). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was from Sigma (Missouri, U.S.A.). Antibodies against ICAM-1, VCAM-1, JNKs, phospho-JNK (p-JNKs), p38, phospho-p38, ERK1/2, phospho-ERK1/2, and actin were purchased from Santa Cruz Biotechnology. Assessment of Cell Viability For evaluation of cytotoxicity, cells were seeded at 5000 cells/well into 96-well culture plates and grown for 24 h. Confluent HUVECs were preincubated for 18 h with the indicated concentrations of FA. The cells were then exposed to gamma radiation and cultured for 30 h, and then 20 ml of MTT was added to each well and further incubated for 4 h to allow the conversion of MTT into formazan crystals. After washing with phosphate-buffered saline (PBS), the cells were lysed with dimethyl sulfoxide (DMSO), and the absorbance read at 570 with a Victori 1420 Multilabel Counter (Wallac, Turku, Finland).
Cell Adhesion Assay The methodology used for the adhesion assays is described elsewhere. 13) Briefly, HUVECs (1ϫ10 5 /ml), were distributed into 96-well plates and were allowed to reach confluence, then the growth medium was supplemented with FA at the indicated concentrations for 18 h, and cells were exposed to the 60 Co source (10 Gy). 1ϫ 10 6 /ml U937 cells were added to each HUVEC-containing well and incubation continued for 1 h. Non-adherent cells were removed by two gentle washes with PBS, and the number of bound U937 cells was determined by MTT assay.
Determination of Cell Surface Expression of ICAM-1 and VCAM-1 by ELISA The ICAM-1 and VCAM-1 secretion amounts in the medium of cell culture as described in the cell adhesion assay were analyzed by an immunoassay kit (Boster, Wuhan, China). Briefly, HUVECs (1ϫ10 5 /ml), were distributed into 96-well plates and were allowed to reach confluence, then the growth medium was supplemented with FA at the indicated concentrations for 18 h, and cells were exposed to the 60 Co source (10 Gy), and then further cultured for 6 h. A 0.1 ml volume of culture medium was incubated in the human anti-ICAM-1 or anti-VCAM-1 coated wells. The wells were treated with biotinylated anti-ICAM-1 or anti-VCAM-1, and then with streptavidin-peroxidase solution and tetramethylbenzidine. The absorbance change of the peroxidase metabolizing substrate at 450 nm was measured by a microplate reader.
Immunohistochemistry The cell surface expression of adhesion molecules on endothelial monolayers was quantified using immunohistochemistry by modification of the methods described previously. 14) Briefly, HUVECs (1ϫ10 5 / ml), were distributed on poly-L-lysine-coated microscope glass slides and were allowed to reach confluence, then the growth medium was supplemented with FA at the indicated concentrations for 18 h, cells were exposed to the 60 Co source (10 Gy), and then further cultured for 6 h. Slides were then rinsed with PBS and treated with 0.6% hydrogen peroxide in methanol to eliminate endogenous peroxidase. Thereafter, slides were incubated with normal rabbit serum to block nonspecific binding, then incubated with a polyclonal goat antihuman ICAM-1, VCAM-1 antibody. After rinses with PBS, slides were incubated with a biotin-conjugated rabbit antigoat immunoglobulin G, then incubated with peroxidase-conjugated streptavidin. After a final rinse, slides were stained with 3,3Ј-diaminobenzidine, counterstained with hematoxylin and studied using a Olympus microscope (BX40, Japan) with a 40ϫobjective. Immunostaining was evaluated using a semiquantitative histological score (Motic Images Advanced 3.2, Xiamen, China) which takes into account the distribution and the intensity of staining.
Western Blot Analysis Western blot analysis was performed by a modification of the technique described previously.
15) The cells were pretreated with FA for 18 h, then irradiated and cultured for 6 h. The total protein was extracted with lysis buffer. Fifty micrograms of protein was dissolved in a 10% sodium dodecyl sulfate (SDS) polyacrylamide gel. The fractionated proteins were electrophoretically transferred to an immobilon polyvinylidene difuride membrane (Amersham, Arlington Heights) and probed with the appropriate antibodies. The blots were developed using an enhanced chemoluminescence kit (Amersham).
Semiquantitative Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis
At the indicated times, the cells were collected and total RNA was extracted using Trizol (Invitrogen, Carlsbad, U.S.A.) according to the manufacturer's instructions. For RT-PCR analysis, 1 mg total RNA was reverse-transcribed using RT-PCR kits (Promega, Madison, WI, U.S.A.). PCR was used to amplify target cDNA with the following conditions: 28 cycles of 94°C for 45 s, 55°C for 45 s and 72°C for 45 s. The PCR products were analyzed using standard agarose gel electrophoresis. Semiquantitative PCR was performed with oligonucleotides: 5-CAGT-GACCATCTACAGCTTTCCGG-3 (sense) and 5-GCTGC-TACCACAGTGATGATGACAA-3 (antisense) for the ICA-M-1; 5-CCCTTGACCGGCTGGAGATT-3 (sense) and 5-CTGGGGGCAACATTGACATAAAGTG-3 (antisense) for the VCAM-1; 5-TCATTGACCTCAACTACATG-3 (sense) and 5-CAAAGTTGTCATGGATGACC-3 (antisense) for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Nuclear Extraction and Electrophoretic Mobility Shift Assay (EMSA) Nuclear extracts from HUVECs were prepared using a nuclear and cytoplasmic extraction kit (Pierce, Rockford, U.S.A.), The EMSAs were carried out using a lightshift chemiluminescent gel shift kit (Pierce) according to the manufacturer's instructions. Briefly, oligonucleotides 5Ј-CGCTTGATGAGTCAGCCGGAA-3Ј containing the activator protein-1 (AP-1) binding site were biotin-labeled using a 3Ј-end labeling kit and the DNA probe was incubated with 2 mg of the nuclear extract at room temperature for 20 min. The protein-DNA complexes were then separated on a 6% polyacrylamide gel, and electrically transferred to a nylon membrane (Boehringer Mannheim Biochemica) for chemiluminescence band detection. The specificity of the binding was examined using competitive experiments, in which a 200-fold excess of the unlabeled oligonucleotide with the same sequence was added to the reaction mixture prior to the addition of the biotin-labeled oligonucleotide.
Statistical Analysis The data are presented as meanϮ S.E., and statistical comparisons between groups were performed using one-way ANOVA followed by the Student's t test.
RESULTS

FA Inhibited Radiation-Induced Monocyte Adhesion to Endothelial Cells
To examine whether FA modulates radiation-induced monocyte adhesion to endothelial cells, we examined the influence of FA on radiation-stimulated adhesion of U937 cells to HUVECs. HUVECs were pretreated without or with various concentrations of FA for 18 h and then exposed to 10 Gy of radiation. As shown in Fig. 1A , exposure to radiation resulted in an almost 2 fold increase in adhesion of U937 monocytic cells compared with adhesion of U937 cells to unstimulated HUVECs. This increase in HUVEC adhesiveness was dose-dependently reduced by preincubation of the cells for 18 h with increasing concentrations of FA, while FA had no obvious effect on non-radiated control HUVECs. As shown in Fig. 1B , pretreatment with 20 mM FA decreased radiation-induced adherence of HUVECs to U937 cells at various detected times. To determine radiation dose response on the effects of FA, HUVECs were pretreated with 20 mM FA for 18 h and then exposed to various detected radiation dose, as shown in Fig. 1C , adherence of HUVECs to U937 cells was increased in a radiation dose dependent manner, while a small decline was observed at 20 Gy of radiation, and pretreatment with 20 mM FA decreased radiation-induced adherence of HUVECs to U937 cells at various radiation doses. As shown in Fig. 2 , the time of incubation and concentration of FA used in these experiments had no effect on the viability as determined by MTT assay.
Effect of FA on Protein Expression of Adhesion Molecules The adhesion molecules VCAM-1 and ICAM-1 played important roles in monocyte adhesion to endothelial cells; we examined protein expression of these molecules using ELISA, immunohistochemistry, and Western blot. The level of soluble adhesion molecules in supernatant was detected by ELISA; FA led to a reduction in the radiationinduced ICAM-1 and VCAM-1 expression in a concentration-dependent manner (Fig. 3 ). Significant inhibition of the expression of ICAM-1 was observed with 2.5 mM FA treatment, suggesting that FA is effective in blocking the induced level of expression of adhesion molecules.
The cell surface expression of adhesion molecules on endothelial monolayers was quantified using immunohistochemistry. As shown in Fig. 4 , radiation significantly up-regulated the expression of ICAM-1 and VCAM-1. FA caused a significant dose-dependent decrease in ICAM-1 expression, and also caused significant down-regulation of expression of VCAM-1.
To confirm these findings, Western blot analysis was performed (Fig. 5) . Amounts of ICAM-1 and VCAM-1 were very low in untreated HUVECs, but their expression increased after radiation stimulation. Pretreatment with FA significantly inhibited ICAM-1 expression, and a similar dosedependent decrease was seen for VCAM-1 expression.
Effect of FA on mRNA Induction of Adhesion Mole- 
Fig. 2. Effects of FA on Cell Viability as Determined by MTT Assay
Confluent HUVECs were pre-incubated for 18 h with the indicated concentrations of FA. The cells were then exposed to gamma radiation and cultured for 30 h. Cell viability was determined by MTT assay.
RT-PCR using specific primers to human ICAM-1 and VCAM-1. HUVECs were pretreated with various concentrations of FA for 18 h and then exposed to 10 Gy of radiation. As shown in Fig. 6 , treatment of HUVECc with FA decreased markedly the induction of ICAM-1 mRNA in a concentration-dependent manner. A similar dose-dependent decrease was seen for VCAM-1 mRNA. The level of inhibition of mRNA appeared comparable with the level of inhibition of surface expression.
Effect of FA on Radiation-Induced MAPK Signaling Pathways Since it is well understood that adhesion molecule expression is regulated by the activation of intracellular signaling proteins such as ERKs, p38s and JNKs, and these MAPK pathways are also induced by ionizing radiation, this study examined whether or not the activation of these signaling proteins was involved in the regulation of radiation-induced adhesion moleculeexpression. In the absence of any cytotoxicity, pretreatment with SP600125 (an inhibitor of JNK) markedly inhibited the radiation induced ICAM-1 expression, while pretreatments with either PD98059 (an ERK inhibitor) or SB203580 (a p38 inhibitor), respectively, had little or no effect on radiation-induced ICAM-1 expression (Fig. 7) . The following experiments with FA were performed to examine which signaling proteins were involved in the regulation of FA inhibition of adhesion molecules expression; HUVECs were pretreated without or with various concentrations of FA for 18 h and then exposed to 10 Gy of radiation, the protein levels of p-ERK, p-JNK, p-P38 were all in- creased in 10 Gy radiated cells, while, the total expressions were unchanged (Fig. 8) . This suggested three MAPK signal pathways were all activated by radiation. FA treatment reduced the radiation mediated phosphorylation of JNK, while it did not change the level of p-ERK, and p-P38 (Fig. 8) , suggesting that the inhibitory effect of FA on adhesion molecule expression is mediated by the blockade of JNK.
Effect of FA on Radiation-Induced Activation of AP-1 The AP-1 transcription factor is known to be an important mediator of adhesion molecule expression and previous results show AP-1 activation is induced by radiation. After radiation exposure, the AP-1 binding activity was quantitatively higher in the radiation exposed cells. The cells were treated with various concentrations of FA for 18 h before stimulation with radiation. The data showed that treatment with FA resulted in a decrease of radiation-mediated AP-1 activation (Fig. 9) . This inhibitory effect of FA on inducible AP-1 activation was observed at a concentration range similar to that observed in inhibiting the expression of mRNA and protein of induced adhesion molecules. At 20 mM of FA, radiation-induced AP-1 activation was inhibited by 90%, as determined by densitometry scanning (data not shown). The specificity of the protein-DNA complex for the AP-1 sequence was demonstrated by competition with excess unlabeled AP-1 oligonucleotide.
DISCUSSION
Because radiation-induced vascular injury precedes the tis- HUVECs were pre-incubated with indicated concentrations of FA for 18 h. The cells were then exposed to radiation (10 Gy) and cultured for 1 h. The whole cell lysates were prepared and Western blot analysis was carried out using phospho-specific antibodies. The immuno-reactive protein bands (p-ERK, ERK, p-JNK, JNK, p-p38, p38) were detected and relative quantities were compared; the control cell was considered one-fold. # Significantly different from control cells not treated with radiation or FA (## pϽ0.01). * Significantly different from gamma-irradiated cells not treated with FA ( * * pϽ0.01).
sue damage, such injury is regarded as crucial in the pathogenesis of tissue damage. 16) An understanding of the processes responsible is essential to develop strategies for the amelioration of radiation-induced normal tissue damage. Leukocyte infiltration is commonly observed at sites of radiation and is likely to lead to the acceleration and/or induction of parenchymal atrophy, fibrosis and necrosis in normal tissues following radiotherapy.
16) The molecular mechanisms mediating leukocyte infiltration of tissues during inflammation have been studied extensively. 17) It is now well established that cell adhesion molecules expressed on leukocytes and endothelial cells control the trafficking of leukocytes from the blood vessel lumen under these conditions. 18) Selectins, integrins and immunoglobulin gene superfamily of adhesion receptors mediate different steps of leukocyte migration from the bloodstream towards the inflammatory foci. 19) Leukocyte interactions with the vascular endothelium are highly orchestrated processes that include the capture of free-flowing leukocytes from the blood with subsequent leukocyte rolling, arrest, firm adhesion and ensuing diapedesis. 20) Many studies, including ours, have shown that FA has a variety of therapeutic effects, which suggests that this compound may serve as an immunomodulator which affects the course of inflammation. 6) Adhesion molecules have been known to play an important role in the regulation of cellular inflammatory responses. The present study shows that FA prevented induction of ICAM-1 and VCAM-1 expression in a concentration-dependent manner after stimulation with radiation at the level of mRNA and protein. In corroboration of these results, adhesion of monocytes to endothelial cells was markedly inhibited, indicating that the reduction of adhesion molecule expression is of functional importance for monocyte adhesion.
Based on currently available data, exposure of cells to ionizing radiation and a variety of other toxic stresses induces activation of multiple MAPK pathways. 21) Some of the signaling pathways activated following radiation exposure are ERK pathways. 22) Other MAPK pathways activated by radiation include those downstream of death receptors and procaspases, and DNA-damage signals, including the JNK and p38 MAPK pathways. 23) These intracellular signal transduction pathways are also known to regulate ICAM-1 expression in various model systems, 24) and activation of MAP kinases (p38s, ERKs and JNKs) is known to promote adhesion molecule expression. 25, 26) In order to gather further information on the effect of FA on the radiation pathway, this study examined whether or not FA inhibited the activation of MAP kinases that were among major kinases implicated in ICAM-1 signaling. In the present study, inhibitors of the ERK pathway (PD98059), the JNK pathway (SP600125), and the p38 pathway (SB203580) were used to investigate which pathway was involved in FA action; the result showed that the inhibitory effect of FA on adhesion molecule expression was mediated by the blockade of JNK. These results are consistent with our previous observation that JNK was significantly activated by radiation, whereas the p38 and ERK pathways did not appear to be activated. More importantly, we found that radiation induced JNK activation was specifically inhibited by FA. Thus the specific inhibitory effect of FA on JNK activity observed in this study suggests that FA regulates AP-1 activation by modulating JNK activity. Although FA inhibition of the JNK pathway was demonstrated, the exact target of FA action remains to be identified. Further studies are needed to define the target molecules of FA that transmit signals from radiation to JNK activation in HUVECs.
In summary, the results of the present study demonstrate that FA is capable of inhibiting the expression of adhesion molecules in HUVECs, demonstrating the pharmacological activity of FA in vascular endothelial cells. These data might account, at least in part, for the anti-inflammatory activities of FA. Therefore, FA appears to be a potential therapeutic agent for treating various inflammatory disorders including radiation induced inflammation. Cells were preincubated for 18 h in the absence or presence of FA, followed by exposure to radiation (10 Gy) and cultured for 1 h. The nuclear extracts were prepared and analyzed for AP-1 binding activity. Results illustrated are from a single experiment and representative of three separate experiments.
